(not shown; see and pros RNA are localized primarily as crescents to the apical cortex dur- ; the localization of bicoid (bcd) mRNA to the anterior pole enables the formation of a Bcd moring late interphase ( Figure 1A ) (although in the case of the RNA, we also see some cases in which the localizaphogen gradient necessary for the formation of the head and thorax (Driever and Nü sslein-Volhard, 1988) .
tion is apical but apparently cytoplasmic rather than cortical; see Discussion); both Pros protein (not shown) The localization of bcd mRNA to the anterior pole is a complex multistep process requiring stau for the final and pros RNA are localized as basal cortical crescents from prophase to telophase ( Figures 1B and 1C ); when step (St. Johnston et al., 1989; ; a 400 nt region of the bcd 3ЈUTR can apparently associate with Stau to the NBs ultimately divide, the RNA (along with the protein) remains cortical and segregates preferentially into prevent diffusion of the RNA once it is released from anterior cortex (Ferrandon et al., 1994) . stau is also the more basally located daughter cell, the GMC (arrow in Figure 1C ). required for the anterior-to-posterior transport of osk mRNA in the oocyte (reviewed . Con-
The insc RNA, like the Insc protein, is also localized to the apical cortex starting at interphase (Figures 2A sistent with a direct role in mRNA transport, Stau contains five copies of a dsRNA-binding motif, binds to and 2E). Although Insc protein remains apically localized until anaphase , insc RNA is localized dsRNA in vitro , and colocalizes with osk mRNA to the posterior and bcd mRNA to the to the cytoplasm during mitosis (Figures 2B and 2F) . So in contrast to pros RNA, which is apparently associated anterior of the egg (St. Johnston et al., 1991; Ferrandon et al., 1994) . Upon injection of bcd 3ЈUTR, the RNA reprimarily with the cortex throughout the NB cell cycle, the insc RNA is cortical only during interphase. cruits Stau protein into particles that can move in a microtubule-dependent manner (Ferrandon et al., 1994) . These observations support a direct role for Stau in the The Change in the Localization of pros RNA transport of mRNA species for generating the molecular from the Apical to the Basal Cortex asymmetry that presages the A/P body pattern.
of Neuroblasts Requires insc To examine whether the asymmetric NB cell divisions
Since insc is required for the localization of Pros (and incorporate asymmetric RNA localization as part of its Nb) protein and for orientation of the mitotic spindle, is overall strategy, we examined the distribution of pros it possible that the RNA localization is also insc depenand insc RNAs during the NB cell cycle. In this paper dent? We followed pros RNA localization in NBs at variwe show that insc, in addition to its previously defined ous stages of the cell cycle in insc mutant embryos. A roles of coordinating mitotic spindle orientation and prostriking difference in pros RNA localization is observed tein localization, is also required for asymmetric pros between wild-type and mutant NBs ( Figure 1 ). In wild-RNA localization and segregation; this process is stau type NBs, there is a dramatic change in the pros RNA dependent. We show that Insc can interact with Stau, localization from the apical cortex to the basal cortex and the two proteins colocalize on the apical cortex of between late interphase and prophase (compare Figure  NBs during late interphase; a region of Stau distinct 1A to Figure 1B ) that mirrors the change in the Pros from its Insc interacting domain can bind pros 3ЈUTR in protein localization (not shown; see ; vitro. We suggest that Insc nucleates a multicomponent pros RNA remains on the basal cortex until it preferenapical complex and is required for protein localization, tially segregates to the GMC at telophase ( Figure 1C ). RNA localization, and spindle orientation during mitosis.
In insc mutant NBs, this change in the localization of Stau, as one component of this complex, is required the pros RNA does not occur during the interphase-toonly for the basal localization of pros RNA.
prophase transition, and pros RNA remains primarily on the apical cortex during mitosis ( Figures 1D-1F ). Hence, whereas the initial apical localization of pros RNA during Results interphase does not depend on insc function, the basal localization during mitosis does. Our results therefore The localization of inscuteable and prospero indicate that in addition to its requirement for correct RNAs in Neuroblasts Is Asymmetric spindle orientation and protein localization, insc also and Cell Cycle Dependent plays a role in RNA localization. Insc and Pros proteins are localized as crescents on the apical/basal regions of the NB cell cortex in a cell cycle-dependent manner (see Introduction). Is this Interaction between Inscuteable and Staufen Proteins asymmetric localization of the proteins also reflected at the level of their respective RNAs? To visualize the Insc protein is known to be localized to the apical cortex of NBs from interphase to metaphase . location of the RNAs at various stages of the NB cell cycle, wild-type stage 10 and 11 embryos were hybridHence, it is unlikely that Insc is involved directly in the basal localization of pros RNA, since when the pros RNA ized against single-stranded RNA probes (see Experimental Procedures) , and the embryos were doubly is basally localized, Insc protein is on the opposite side of the cell. To begin addressing the question of what, labeled with a DNA stain (see Experimental Procedures) to follow the progression of NBs through the cell cycle.
if any, other protein(s) might be involved in mediating the insc-dependent localization of pros RNA, a yeast The results show that these RNAs, like the proteins they encode, are also asymmetrically localized. Moreover, two-hybrid screen was conducted. The full-length, N-terminal, C-terminal, and middle portions of the insc the localization of the RNAs is cell cycle dependent and parallels the localization of the respective proteins they coding region were used separately as baits to screen Drosophila embryonic library to identify molecules that encode. Hence, in the case of pros, both the Pros protein In wild-type embryos, localization of pros RNA is cell cycle dependent (A-C). pros RNA (red) is apically localized during interphase (A) and becomes basally localized throughout mitosis starting at prophase (B). During telophase, the cortically localized pros RNA is preferentially partitioned into the GMC (C). This cell cycle-dependent localization of the RNA is identical to that previously described for the Pros protein (not shown). In both insc (D-F) and stau (G-I) embryos, the apical localization of pros RNA in interphase mutant NBs is unchanged (D and G); however, unlike the pros RNA in wild-type NBs, the pros RNA remains on the apical cortex of mutant NBs during prophase (E and H) and telophase (F and I); no obvious enrichment of the pros RNA is observed at the basal cortex from which the future GMC is formed (F and I). In stau embryos, asymmetric Pros protein (red) localization and segregation occurs normally in NBs (J-L); the apical localization of Pros during late interphase (J) and its basal localization during (mitosis) prophase (K) and telophase (L) in stau mutant NBs are identical to those previously described for wild-type NBs (data not shown). DNA staining is shown in green. White dots indicate the boundary of the cell. Apical is toward the bottom.
can potentially interact with Insc (see Experimental Proassay (see Experimental Procedures) indicate that LexA fusion proteins containing the C-terminal region of Insc cedures). Three classes of positive clones were identified from screening approximately 2 ϫ 10 6 colonies with can interact with Stau ( Figure 3A) . Furthermore the C-terminal 108 amino acid residues of Insc are sufficient the Insc C-terminal bait. Sequencing revealed that one class encodes Staufen, a dsRNA-binding protein that to confer this interaction with Stau; interestingly, addition of residues 664-750 appears to inhibit the interachas been implicated in mRNA transport in the oocyte (see Introduction). Since a role for Stau in pros RNA tion mediated by the C-terminal 108 residues, and this inhibition can in turn be relieved by the further addition localization can be easily rationalized, we proceeded to further analyze the Insc/Stau molecular interaction.
of residues 570-663 (compare YI-3, YI-4, and YI-5 in Figure 2A ). Since the bait YI-3 containing the C-terminal Deletion mapping analyses using the yeast two-hybrid end of Insc interacts strongly with Stau, it was used Staufen and Inscuteable Proteins Are Both Cortically Localized in Neuroblasts for mapping the regions of Stau that are necessary to interact with Insc. As shown in Figure 3B , the C-terminal If the protein/protein interactions seen in vitro and in the yeast two-hybrid sytem reflect a genuine in vivo region (residues 769-1026, YS-3) of Stau, when expressed as a fusion protein, confers specific interaction interaction, one would expect Stau and Insc to be colocalized at some stage during development. Available with Insc. Further deletions from either the N-terminal or the C-terminal ends of the YS-3 region of Stau (YS-4, data suggest that this may be the case since Insc is expressed like a neural precursor gene, in all neural YS-5, or YS-6) disrupt the interaction.
In vitro binding assays (see Experimental Procedures) progenitor cells (Kraut and Campos-Ortega, 1996) , and St. Johnston et al. (1991) have shown that zygotic Stau using GST-insc fusion proteins containing different portions of Insc ( Figure 4A ) indicate that fusion proteins protein expression occurs during the development of the embryonic CNS. Using serum that specifically recogcontaining its C-terminal end binds to the 35 S-labeled full-length Stau protein ( Figure 4B , In-1, In-3, and In-4).
nizes Stau (see Experimental Procedures), we have confirmed that Stau protein is expressed in the NBs and These results derived from in vitro binding assays are in good agreement with those obtained from the yeast GMCs in the segmented CNS ( Figure 5 ), and additionally in cells in the procephalic region that are also known to two-hybrid assays, strongly suggesting that there is a direct interaction between Stau and Insc and that the express Insc (data not shown). Stau protein is expressed at high levels in GMCs; newly formed GMCs show only C-terminal regions of both Insc and Stau are required for this interaction. However, possibly due to the low weak staining, suggesting that Stau protein is synthesized de novo in GMCs (data not shown). proportion of cells that express Insc, the transient nature of the association and/or the low solubility of Stau (DanWe focused in detail on the localization of Stau protein in NBs and compared it to the Insc protein localization. iel St. Johnston, personal communication), we were unStau protein is always seen associated with the NB able to demonstrate coimmunoprecipitation of the two cortex. During interphase, Stau protein distribution in proteins from wild-type embryonic extracts.
the majority of interphase NBs (81%) resembles an apical cortical gradient with high levels of the protein associated with the apical region and lower levels throughout the rest of the (lateral and basal) cortex (Figures 5A and 5E) . In a minority of the interphase NBs (19%), Stau protein appears to be cortical without a concentration bias toward the apical side ( Figures 5B and 5E ). The relative proportion of the NBs showing the two types of staining patterns does not appear to change between interphase and prophase in wild-type ( Figure  5E ). However, during later stages of mitosis (metaphase-telophase), the proportion of NBs with Stau protein preferentially enriched on their apical cortex decreases dramatically, and the majority of cells show general cortical distribution that is not obviously biased toward any one region. Our results therefore indicate that Stau and Insc proteins largely colocalize on the apical cortex during late interphase and prophase, consistent at least with the notion that the two proteins do interact in vivo. However, during the period when there is a dramatic change in the localization of pros RNA between interphase (apical) and prophase (basal), there is no obvious change in the distribution of Stau protein (see Discussion). 
Staufen Is Required for the Basal Localization
The insc RNA localization pattern is identical for wild-type (A and of pros RNA during Mitosis zygotic stau is required in this process is consistent with localization (see . In contrast, the total absence of stau function affects only pros RNA localizaprevious observations (St. Johnston et al., 1991) that maternal Stau protein becomes undetectable in somatic tion ( Figure 1 ). The apical/basal orientation of the mitotic spindles of NBs as well as those of the mitotic domain tissues by the time of neurogenesis. In the stau mutant NBs, the pros RNA remains primarily on the apical cortex 9 cells in the procephalic region that is disrupted in insc mutant embryos (see remains apical/ during mitosis, and this phenotype is indistinguishable from that seen in insc mutants (compare Figures 1D-1F basal in stau mutants (see Figures 1C, 1F , 1I, and 1L and data not shown); similarly the localization of Pros with 1G-1I). These results indicate that the apical cortical localization of pros RNA during interphase requires protein to the apical cortex in interphase and to the basal cortex of these cells during mitosis, which we have neither insc nor stau function; however, the basal cortical localization requires both insc and stau functions.
previously shown is defective in insc mutant embryos , is unaffected in stau mutants ( Figures  1J-1L Figure 5E ). Hence, the overall asymmetry and the relative preference of the Stau protein for the NBs exhibit defects not only in RNA localization but also show defective mitotic spindle orientation, and protein apical region of the NB cortex is reduced in insc mutants.
In contrast, neither the localization of insc RNA nor that that the correlation of mitotic spindle orientation and Nb and Pros protein localization occur of the Insc protein is altered in embryos that lack both maternal and zygotic stau; the apical cortical insc RNA because both processes are utilizing the same positional information that is either provided or interpreted localization during late interphase (Figures 2A and 2C ) and the cytoplasmic localization during mitosis ( Figures  by insc; nevertheless, they represent independent processes because in the absence of insc or through drug 2B and 2D) are seen in both wild-type and stau mutant NBs; similarly the previously described apical cortical treatment , the tight correlation for these processes can be decoupled. Here, we have Insc protein crescents seen in wild-type NBs from interphase to metaphase are unaffected in stau mutants shown that insc is also required to localize RNA (pros) to the basal cortex during mitosis and facilitate its asym-( Figures 2E and 2F) . Taken together, these data indicate that stau acts downstream of insc.
metric segregation with the more basal progeny cell.
Moreover, we can demonstrate that all three of the processes mediated by insc, RNA and protein localization Staufen Binds to a Probe Containing as well as mitotic spindle orientation, are independent the 3UTR of pros RNA of each other and that their normally tight correlation Since Stau is known to be a dsRNA-binding protein and can be decoupled through the loss of insc. its function is required for the posterior localization of Since Pros protein localization and mitotic spindle osk RNA and the anterior localization of bcd RNA in the orientation during NB mitosis are apparently normal in egg, one possible mechanism by which it might act to embryos that lack both maternal and zygotic stau, stau mediate pros RNA localization is by binding pros RNA appears to be involved in only one of the three inscdirectly. Consistent with this notion, pros RNA has a mediated processes, that of pros RNA localization. large 3ЈUTR where most of the localization motifs have Moreover, the loss of insc causes a decrease in the been found for a number of specifically localized mRNAs. To test this possibility, we made fusion proteins containing various portions of the stau coding region ( Figures 6A and 6C ). As shown in Figure 6B , a 32 P-labeled RNA probe containing the 3ЈUTR of pros binds to GSTstau fusion proteins (see Experimental Procedures) that contain the third putative double-stranded RNA binding domain of Stau (S-2, S-3, and S-7). Further deletions of either the first 20 amino acid residues from the N terminus or the last 15 amino acid residues from the C terminus of this domain abolish its ability to bind. In contrast, Stau fusion proteins show little binding affinity toward the coding region of pros RNA (data not shown). These results suggest that the Stau binding to pros RNA is specific to the 3ЈUTR; this may in turn mediate the inscregulated pros RNA localization. Since the region of Stau (residues 565-661) that is capable of binding pros 3ЈUTR lies amino terminal to and is distinct from the the region of Stau that is required to interact with the Insc protein, these results are consistent with the notion that Stau is capable of interacting simultaneously with both Insc protein and pros RNA.
Discussion inscuteable Mediates Several Processes Associated with Asymmetric Neuroblast Cell Divisions
To aid the discussion, the localization of pros RNA, Pros protein, insc RNA, Insc protein, and Stau protein during interphase, prophase, and telophase in wild-type and mutant NBs is schematically summarized ( Figure 7A) . We have previously shown that insc is required for two processes associated with the NB asymmetric cell divi- . These the more basally located progeny. We have rationalized Stau protein (red), detected by anti-Stau antibody staining, is associated with the NB cortex, but its distribution within the cellular cortex is cell cycle dependent. In wild-type embryos, the majority (81%) of the interphase NBs exhibit a higher concentration of Stau on their apical cortex than elsewhere in the cortex (A), and we refer to this as "apical gradient." In the rest of the NBs, this preferential apical distribution is not obvious and staining is seen throughout the NB cortex (B), and we refer to this as "cortical." During prophase, the proportion of the NBs containing a Stau apical gradient remains unchanged (82% propensity for Stau to associate with the apical cortex asymmetrically to the GMC progeny, we have not detected obvious cell fate changes in the nervous system during interphase, whereas loss of stau does not affect the localization of either Insc protein or insc RNA. These (X. Y., unpublished data). This may be because the changes are subtle and have therefore escaped detecresults suggest that insc acts upstream of stau and has a more general role in mediating the NB asymmetric tion; alternatively, it could mean that the segregation of pros RNA to the GMC is redundant and can be compencell division (see Figure 7B ). However, whereas little is known about the mechanistic details of how Insc might sated by Pros protein segregation and/or by the de novo synthesis of pros RNA later in the GMC cell cycle. mediate spindle orientation and protein localization, its interaction with Stau and what is known about the function of stau in the oocyte suggest possible mechanisms Two Independent Mechanisms Mediate the Localization of pros RNA Apically during by which insc may be involved in mediating pros RNA localization (see below).
Interphase and Basally during Mitosis
During interphase, pros RNA is localized to the apical It is interesting to note that there appears to be redundancy in at least one of the processes mediated by cortex; however, the position of pros RNA changes as NBs enter mitosis. Starting at prophase and for the durainsc. pros normally acts in GMC nuclei to repress the expression of genes that are normally expressed in NBs tion of the NB mitosis, pros RNA is localized to the basal cortex (where Pros protein is also localized) and and to promote the expression of genes that are needed to establish GMC identity (see Introduction). Therefore, segregates (with Pros protein) to the more basal progeny cell, the GMC. There is some precedence for RNAs that its activity must be suppressed in the NB; this is presumably accomplished by tightly regulating its translation are ultimately localized in a particular subcellular compartment to be transiently localized in a different comand sequestering the protein on the cortex to prevent its entry into the nucleus. But why express pros in the partment en route to its final destination. For example, in the developing oocyte, incoming RNAs from the nurse NBs in the first place? We speculate that this might be due, in part, to temporal considerations. pros encodes a cells can be localized to several different sites as the polarity of microtubule cytoskeleton changes during the large transcription unit, and the time required to produce the transcript has been estimated to be ‫02ف‬ minutes maturation of the oocyte at these early stages (e.g., see Theurkauf et al., 1992; Clark et al., 1994) . Our data . This would represent a long delay if pros were to be expressed de novo in the GMCs.
suggest that two independent mechanisms control the apical and basal localizations of pros RNA. The apical Under normal circumstances, insc-mediated processes cause both pros protein and RNA to segregate into the localization of pros RNA during interphase occurs independent of insc and stau; in contrast, the basal localiza-GMC progeny, presumably to ensure that some protein and the means to translate more are both available early tion of pros RNA is dependent on both. It is possible that other RNAs contain localization signals that, when in the GMC cell cycle. However, in stau mutants where pros RNA does not (but Pros protein does) segregate read in the context of an interphase NB, will take them discussion), and bcd 3Ј sequences required to localize maternal transcripts anteriorly during oogenesis can loto the apical cortex; this apical localization may be a reflection of the inherent architecture of an interphase calize zygotic reporter transcripts apically at the blastoderm stage (Davis and Ish-Horowicz, 1991) . We specusomatic cell and may act in conjunction with apical vectorial transport of pros RNA from the nucleus (see Franlate that the apical cortex of interphase NBs (and perhaps other somatic cells) may serve as a distribution cis- Lang et al., 1996) . From this viewpoint, it is interesting to note that when ectopically expressed, localization point for molecules that may ultimately be targeted to a different final destination. sequences associated with three mRNAs that are actively transported in the oocyte, K10, bicoid, and oskar RNA, mediate microtubule-dependent, apical localizaHow Does prospero RNA Get to the Basal Cortex during Mitosis? tion in somatic follicle cells (Karlin-McGinness et al., 1996) . In addition, bcd transcripts localize apically in We have shown that the basal localization of pros RNA during mitosis requires both insc and stau; in the abnurse cells where they are synthesized (St. Johnston et al., 1989 ; see Davis et al. [1993] for an interesting sence of either insc or (zygotic) stau, pros RNA remains apically localized during mitosis. We infer from these Stau proteins as well as pros RNA may be formed at this time. Since Insc is required for several independent observations that Stau and Insc are both required for pros RNA to move to the basal cortex during the start processes, we speculate that it might interact with a range of proteins, in addition to Stau, to effect not only of mitosis and that in the absence of either function, the pros RNA fails to move and stays associated with the RNA localization but also protein localization and mitotic spindle orientation. We therefore view Insc as a protein apical cortex; the continued association of pros RNA with the apical cortex when either insc or zygotic stau that nucleates the formation of an RNA/protein complex that plays a role in a variety of processes including that is absent has three implications. First, since the RNA remains on the apical cortex during mitosis, it suggests of providing a cortical centrosome attachment site (see . In this scenario, the loss of certain that the insc/stau-independent mechanism that operates to effect localization to the apical cortex during components from this complex may disrupt only a subset of the functions that require insc. For example, the interphase is normally overridden by the insc/stau-mediated process during mitosis. Second, since the RNA is absence of Stau from this postulated multifunctional complex affects only the localization of pros RNA; the apical in the absence of insc, cues distinct from those provided by insc must be used to read the apical basal basal cortical localization of Pros protein during mitosis and the apical/basal orientation of the mitotic spindle axis of the NB during interphase. Third, since the interphase apical RNA localization is unchanged in stau remain normal. With respect to pros RNA localization, the role of Insc may be to facilitate Stau protein/pros mutant NB, one can also rule out models in which Stau translocates pros RNA along astral microtubules stabi-RNA interaction with perhaps other components necessary for the transport of the pros RNA. lized at the apical surface by interaction with Insc (or an Insc-nucleated complex).
Stau is required for the transport of bicoid and oskar
Experimental Procedures
RNA in the oocyte (see Introduction). There is strong cles that are subsequently transported in a process that with anti-Insc and anti-Pros antibodies as previously described requires intact microtubules (Ferrandon et al., 1994) ; the . A "blue balancer," terphase and prophase, when the localization of pros RNA in situ localization experiments were performed essentially RNA changes from the apical to the basal cortex, we as described by Tautz and Pfeifle (1989) , except that digoxygeninsee no obvious change in the distribution of Stau protein labeled (Boehringer Mannheim) anti-sense and sense singlein wild-type NBs. This may just be a reflection of the stranded RNA probes were generated using runoff-transcription refact that in NBs Stau protein is in excess and the relative actions with T7 RNA polymerase. Hybridizations were carried out amount of protein that escorts the RNA to the basal at 56ЊC overnight. Mouse anti-digoxygenin antibody (1:600 dilution, Boehringer Mannheim) was incubated with the hybridized embryos region is small. Nevertheless, it is possible that Stau is for 1 hr, and Cy3-conjugated anti-mouse antibody (1:300, Jackson not directly involved in transporting pros RNA to the Immunoresearch) was used to detect the signal. Stained embryos basal cortex but rather Insc and Stau might be required were mounted in DNA staining medium (Lundell and Hirsh, 1994), to bring pros RNA in contact with other factor(s) that and images were collected and processed as previously described are involved in its transport. .
Plasmid Construction
An Insc/Stau/pros RNA Complex on the NB Vectors for constructing Insc baits and Stau preys were pEG202 and
Apical Cortex during Interphase?
JG4-5, respectively (gifts from E. Golemis). pEG202 was modified by inserting oligonucleotide sequences encoding MYC epitope (5Ј- GGC We have shown that in NBs pros RNA is apically local-CGCAGCTCGAGCAGAAGCTGATCAGCGA-GGAAGACCTG-3Ј and ized during late interphase when both Insc and Stau proteins are also enriched on the apical cortex. Insc and into NotI-SalI sites to create pEG202 MYC. Corresponding domains Stau proteins can interact via their respective C-terminal of Insc were PCR amplified by specific oligonucleotides and subregions as judged by yeast two-hybrid or in vitro protein cloned into the BamHI-XhoI sites of pEG202MYC. The primers used interaction assays; in addition, a region of the Stau proto amplify YI-1 were inscup-2 (5Ј-GAAGATCTCGCCGTA-CAACAAT GAAACTGT-3Ј) and inscdown-3 (5Ј-ACGCGTCGACGAAACTCTCCT tein that is distinct from its Insc interaction domain, that GACG-TGTTAA-3Ј); for YI-2, inscup2 and inscdown2 (5Ј-GAAGAT includes a previously defined RNA-binding motif (St. CTCGCCGTACAACAAT-GAAAACTGT-3Ј); for YI-3, inscup3 (5Ј-GAA , can bind to RNA containing the GATCTTGGAATCCGCCGGCGAGAG-3Ј) and inscdown3; for YI-4, pros 3ЈUTR. Since Stau can (in theory) bind both Insc inscup3-1 (5Ј-GAGAAGATCTTTGATACCCTGGAG-CACCAG-3Ј) and protein and pros RNA simultaneously utilizing separate inscdown3; for YI-5, inscup3-2 (5Ј-GAGAAGATCTCAGAGCTCCT domains, these observations are consistent with the GGAGCAGTGG-3Ј) and inscdown-3; for YI-6, inscup3 and inscdown3-1 (5Ј-ACCGCT-CGAGAATCAGCCGGAAGATGGC-3Ј). PCRnotion that an apical complex that includes Insc and
